. Helianthus deserticola occurs on stabilized sand dunes with higher fertility (N ~0.03%, P ~0.4 mg ⋅ g -1 , organic content ~0.02%) than the H. anomalus habitat, but lower fertility than the nearby habitats of both parental species (N ~0.6%, P ~0.6-0.7 mg ⋅ g -1 , organic content ~0.04%-0.05%; Rosenthal et al. 2005a , Ludwig et al. 2006 . Previous studies have pointed toward nutrient availability as an important selective pressure in the habitats of the hybrid species (Ludwig et al. 2004 , Rosenthal et al. 2005a . However, this is the 1st study to examine differences in nutrient stress tolerance in the hybrid species relative to the parental species. We determine how functional trait values in the hybrid species have shifted as the species became established in and adapted to resource-poor habitats in the Great Basin Desert.
Because the hybrid species occur on nutrient-poor soil, we hypothesized that they would exhibit greater tolerance to soil nutrient limitations than the parental species. We define nutrient stress tolerance as the ability to resist change in plant growth or biomass accumulation when nutrients vary from optimum to limiting levels. We also expected pronounced plant traits associated with low-resource habitats in the hybrid species, compared to the parental species. Suites of plant functional traits such as increased root mass ratios, lowered tissue turnover rates, and decreased transpiration rates have been proposed as adaptations that allow plants to inhabit resource-poor habitats. These traits may come at a physiological cost, exhibited as lowered photosynthetic rates, decreased capacity for nutrient uptake, and/or reduction in maximum growth rate (Chapin et al. 1993) . Variation in specific leaf area (SLA, leaf area per unit dry mass) may also be an important trait in stressful environments. Traits such as leaf lifespan, leaf longevity, and maximum photosynthetic rate are strongly correlated with SLA across plant functional groups (Reich et al. 1997) .
In this study we experimentally compared the growth and performance responses of 2 hybrid Helianthus species to their ancestral parent species at different nutrient levels. We expected the hybrid species to exhibit greater tolerance to nutrient stress than their parental species. We also examined a suite of traits important in nutrient-poor habitats to identify putative mechanisms of nutrient stress tolerance.
METHODS
Seeds were collected in 2002 from a single natural population of each species and stored at 6°C until use. Seeds from H. annuus, H. anomalus, and H. deserticola were collected at the Little Sahara Recreational Area, Juab County, Utah, the only known place where all 3 species presently co-occur. Seeds from H. petiolaris were collected from the population used by Rieseberg et al. (2003) located 10 miles south of Page along Hwy 89, Coconino County, Arizona. For all germination experiments, seeds of all 4 species were cold stratified on moist filter paper for 4 weeks. Seeds were then removed from cold treatment, stored in the dark at room temperature overnight, and transferred to fresh filter paper in petri dishes. Petri dishes were placed under fluorescent lights (~115 µmol ⋅ m -2 s -1 ) with a 12-hour photoperiod.
Nutrient Limitation Experiment
The nutrient limitation experiment was a complete randomized block design, with 4 species, 3 nutrient treatments, 3 blocks, and 3 replicates per block, totaling 108 plants. Seedlings with 0-2 true leaves were transplanted into 25-cm pots in the University of Georgia greenhouses on 17-19 March 2004. Pots contained sand and baked clay in a 3:1 mixture (Turface, Profile Products, Buffalo Grove, IL). The high, medium, and low nutrient treatments were 40 g, 4 g, and 2 g, respectively, of slow-release fertilizer with macro and micronutrients (Osmocote Plus, Scotts Co., Marysville, OH) applied on 23 March to the upper 2 cm of the soil. Nutrient levels were chosen based on a preliminary experiment in which the 40-g and 4-g treatment were applied to all 4 species and a 2-g treatment was applied to H. anomalus, which showed a significant decrease in biomass over the small change in nutrient levels. Plants were watered daily to maintain field capacity. Seven plants died from transplant shock and were excluded from all analyses.
We measured stem height 5 times during the experiment, starting on 23 March and continuing at approximately 3-week intervals.
Measurements for the last 3 dates included the diameter of the stem at soil level. We determined leaf lifetime by marking the most recently fully expanded mature leaf on 5 May and recording the date when 50% of the leaf turned brown. On 27 May each plant was sampled for mature leaf traits by harvesting the most recently expanded fully mature leaf in early morning when leaves were fully hydrated. Leaf area (LI-3100, LI-COR Inc., Lincoln, NE), wet weight, and dry weight were measured to estimate SLA and leaf succulence ( Jennings 1976 ). On 9 June a fruit ripeness penetrometer was used to estimate leaf toughness on a mature leaf (McCormick Fruit Tech., Yakima, WA). Variability of individual measurements was large, so the mean of 5-7 measurements was the estimate of leaf toughness for the plant.
Gas exchange traits were measured on 5-6 July for a subset of the plants (4 replicates, 4 species, 2 treatments [high and low]) with a portable gas exchange system (LI-6400, LI-COR, Inc., Lincoln, NE). Inside the chamber, photosynthetically active radiation equalled 2000 µmol ⋅ m -2 s -1 and air temperature was 30°C. Measurements were taken at multiple external CO 2 concentrations (c a ) to determine rates of photosynthesis (A) over a range of internal leaf CO 2 concentrations (c i ). In order, measurements were taken at c a equal to 400, 300, 200, 100, 50, and 400 ppm. At low c i , the relationship between photosynthetic rate and c i may be approximated by a straight line, the slope of which is proportional to investment in rubisco. We estimated investment in rubisco using the slope of a linear regression of A with c i when c a was set to the values stated above. We averaged the 2 measurements at 400 ppm to estimate maximum photosynthesis (A max ). Date had no significant effect on measurements (P > 0.90) and was excluded from the final model. All measurements were corrected for leaf area (LI-3100).
Gas exchange leaves were individually dried at 60°C, ground, and analyzed for N concentration (mg N ⋅ g -1 ; Carbo Erba NA 1500) and leaf carbon isotopic composition (leaf δ 13 C; Finnegan, continuous flow mass spectrometer, Bremen, Germany). Leaf δ 13 C provides an integrated measure of c i over the lifetime of the leaf. Integrated c i is, in turn, a relative measure of integrated water use efficiency (WUE), if leaf temperatures are similar (Farquhar et al. 1989 . A higher (less negative) leaf δ 13 C reflects greater WUE. Maximum photosynthetic rate, leaf N, and specific leaf area were used to calculate photosynthetic nitrogen-use efficiency (PNUE) following Field and Mooney (1986) .
All plants were harvested on 15-16 June. Biomass was partitioned into belowground, vegetative, and reproductive components. Counts were taken of number of buds, flowers, and seed heads to estimate life history stage at harvest. Biomass components were dried at 60°C and weighed.
We modeled each variable as a function of categorical variables in a mixed model ANOVA (PROC MIXED, SAS Institute, Cary, NC): treatment, species, treatment × species interaction, with block as a random effect. All biomass components were log-transformed to fit ANOVA assumptions. Visual inspection of residual plots revealed extreme outliers for leaf succulence (n = 2), specific leaf area (n = 2), total biomass (n = 1), and stem growth (n = 1). These observations were excluded from our analyses. Unadjusted values from the final 3 measurements of stem height and stem diameter were analyzed in a repeated-measures mixed model in PROC MIXED with an AR(1) covariance matrix. We used only the final 3 measurements because they were available for both growth measurements. Inclusion of stem height for the first 2 dates did not change the conclusions of statistical tests. For traits measured in all treatments, we separated the interaction term into 6 components: linear and quadratic trends between and within the hybrid and parental species (SAS CONTRAST statement). Partitioning the interaction term between hybrid and parental species tested the hypothesis that parental species respond differently to nutrient stress than hybrid species. Further separating the interaction into "within hybrids" and "within parentals" tested for species differences in response. For traits assessed only in high and low treatments, only linear components were examined. Evaluating these a priori comparisons retained precision that is lost in post hoc tests.
Seedling Relative Growth
Rate Experiment
The relative growth rate study was a completely randomized design with 4 species, 2 harvests, and 12 replicates, giving a sample 
RESULTS

Nutrient Limitation Experiment
Plant performance was assessed as stem growth (in height and diameter) and total biomass at harvest. All 4 species showed substantial reduction in growth and biomass production in response to lowered nutrient levels (Figs. 1, 2, Table 1 ). Hybrid species had a less drastic reduction in stem height and diameter growth than the parental species when we compared the low nutrient treatment to the high nutrient treatment. The effect was seen as a significant difference in linear response of hybrid and parental species (Table 1) . This was paralleled by a similar, but not significant, pattern in total biomass (Fig. 1, Table 1 ; F = 0.14). Individuals of the hybrid species under low nutrient treatment produced approximately 85% less biomass than those under high nutrient treatment. By comparison, parental species showed a 90% reduction. We used percentage of inflorescences at the seed-head stage to assess life history status. These data suggest differences in life history stage between species and treatments at harvest, with H. anomalus in the high treatment having the lowest percentage of inflorescences at the seed-head stage (Table 2) .
There was a highly significant effect of treatment on leaf percent nitrogen, indicating that foliar nitrogen concentration paralleled soil nutrient levels. Hybrid species tended to have a smaller difference between treatments than parental species (Table 3) . The opposite was true of leaf δ 13 C, with parental species overall having less of a change in WUE as a response to treatment than hybrid species (Table  3 ; F = 2.93, P ≤ 0.10). There was also a difference between hybrid and parental species' responses to nutrient stress for leaf succulence; hybrid species tended to maintain higher leaf succulence under low nutrients (Table 2 ; F = 3.93, P ≤ 0.10). Hybrid species maintained higher investment in rubisco than parental species under low nutrient conditions, as seen in the significant difference in linear response of the initial slope of the A/c i curve (Fig. 3 , Table 4 ; F = 4.36, P ≤ 0.05). Even though we examined A max and leaf-level PNUE, only marginally significant differences in the linear response of hybrid and parental species were detected for A max (Table 3 ; F = 3.31, P ≤ 0.10).
In addition to the anticipated differences between the hybrid and parental species, the 2 hybrid species responded differently to nutrient treatment. Helianthus anomalus produced leaves that were tougher than those of the other species (Fig. 3, Fig. 1 . Mean total biomass measurements and 95% confidence intervals for 4 Helianthus species grown in a greenhouse at 3 nutrient levels (n = 101).
nutrients, assessed as a difference in linear nutrient stress response between H. anomalus and H. deserticola (Fig. 3, Table 4 ; F = 9.31, P ≤ 0.01). We also observed a marginally significant quadratic response of H. anomalus root mass ratio to the treatment levels, suggesting a lower threshold for stress-induced root allocation (Table 2 ; F = 3.43, P ≤ 0.10).
Under low resources, H. deserticola had a mean maximum photosynthetic rate comparable to high nutrient plants, but the response of the 2 hybrid species was not significantly different ( stress, unlike the other study species (Fig. 3 , Table 4 ; F = 5.90, P ≤ 0.05).
Seedling Relative Growth Rate Experiment
Helianthus anomalus had a significantly slower early seedling RGR max than H. deserticola and H. petiolaris. We estimated seedling RGR max for H. anomalus to be lower than that of H. annuus, but the difference was not significant (Fig. 4) .
DISCUSSION
We conclude that the hybrid species are more tolerant of nutrient stress than their parental species. We observed significant differences in stem height and diameter growth that suggested higher stress tolerance in the hybrid species. A similar trend was seen in total biomass, but differences were not significant. We found evidence that hybrid species have higher tolerance of nutrient limitation, but differences were much subtler than expected. The final harvest date arbitrarily truncated the life cycles of the species, and the failure to detect expected differences in biomass could be due to early cutoff of H. anomalus, which tends to persist in the field until 1st frost in many populations. A better test of the effects of nutrient limitation on fitness would have been a direct measure of seed set. Pollinators are excluded from the greenhouse, so seed weight and number are impossible to obtain without frequent crossing throughout the experiment.
Foliar nitrogen concentration was less responsive to treatment in hybrid species compared to parental species. This seems to be important in the field because selection analyses show a strong association between foliar nitrogen content and fitness in the H. anomalus habitat (Ludwig et al. 2004) . High levels of foliar nitrogen may account for the greater investment in rubisco and marginally higher ability to maintain A max found in hybrid species under low nutrient conditions. The resistance to changing investment in photosynthesis despite lower nitrogen availability is one possible explanation for increased nutrient stress tolerance of the hybrid species. Under low nutrient conditions, hybrid species also tended to have higher water-use efficiency and leaf succulence, which are putative drought resistance traits. Water does not appear to be a major limiting factor for H. anomalus in its home habitat, so drought-resistance traits in H. anomalus may result from genetic correlations among stress-resistance traits (Chapin et al. 1993) .
Helianthus anomalus produced tougher, longer-lived leaves than the other species and showed a reduced early seedling RGR max . While RGR max was not significantly lower than both parentals in this study, a subsequent experiment showed that H. anomalus had a significantly lower RGR max than H. annuus (data not shown). to increase investment in roots in the intermediate nutrient treatment. These observations suggest that H. anomalus has a classic stresstolerant phenotype. Under this paradigm, long leaf lifespan decreases demand and higher root allocation increases uptake of the limiting resource. These traits probably come at a cost of reduced seedling RGR max (Chapin et al. 1993 ). Our data suggest that H. deserticola has a different strategy than H. anomalus. Unlike in H. anomalus habitat, water becomes scarce in H. deserticola habitat early in the growing season (Rosenthal et al. 2005a ). Water and nutrients likely co-limit growth in H. deserticola habitat, imposing selective pressures different from those in H. anomalus habitat (Ludwig et al. 2004 ). Under low nutrients, H. deserticola produced leaves with low SLA, a trait correlated to putative adaptations to multiple abiotic stresses (Riech et al. 1997) . It is also interesting that some photosynthetic traits were unresponsive to treatment in hybrids because we have observed unexpectedly high photosynthetic rates in H. deserticola growing in its nutrient-poor home habitat (D.M. Rosenthal unpublished data).
Though we initially expected more obvious differences, we demonstrate that H. anomalus
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HELIANTHUS STRESS TOLERANCE 417 and H. deserticola are more tolerant of nutrient stress than their parental species. Additionally, we report shifts in the means of H. anomalus traits predicted by correlational studies of plant adaptations to abiotic stress. Helianthus anomalus also has a reduced seedling RGR max , which is likely a physiological cost of stress resistance. Helianthus deserticola appears to acclimate to stress by shifting specific leaf area. Hybrid species maintain greater investment in photosynthetic enzymes despite severe nutrient limitation. While the 2 species exhibit similar growth responses to nutrient stress, H. anomalus and H. deserticola appear to have evolved different suites of traits to adapt to distinct low resource habitats.
